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Introduction
Magnetic resonance imaging (MRI) plays a prominent role for the investigation of soft tissue abnormalities because of its excellent spatial resolution, noninvasive nature, and use of benign non-ionizing radiation. 1, 2 Many Ln 3+ complexes -such as Dy 3+ systems -have slow water proton T 1 relaxation and are unsuitable for use in MRI applications, 3 but Gd 3+ -based agents are widely regarded as being the most effective contrast agents for MRI. 4, 5 In recent years, much effort has been undertaken to integrate Gd 3+ complexes into nanoparticles including dendrimers, 6, 7 carbon nanotubes, 8, 9 liposomes, 10, 11 micelles 12, 13 and inorganic nanoparticles. [14] [15] [16] For example, GdCl 3 ·6H 2 O has been incorporated into the supercage of zeolite NaY nanoparticles 16 and into hollow silica nanospheres. 17 The relaxivities of these two systems were found to be 3-5 times higher for longitudinal ( r 1 ) and 5-10 times greater for transverse relaxivity ( r 2 ) than the clinically used Magnevist contrast agent (A 2 [Gd(DTPA)(H 2 O)], where DTPA = diethylenetriaminepentaacetate and A = protonated Nmethylglucamine; see Fig. 1(a) ). However, unchelated Gd . LDHs have been explored as host materials for the intercalation of both near infrared and MRI contrast agents. [20] [21] [22] [23] A systematic variation in the reaction conditions was undertaken, with experiments performed for different amounts of time (1, 3, or 7 day(s)) and with varying molar ratios of HDS: Gd complex. In the interest of brevity we will discuss selected samples in this paper; the experimental conditions used to prepare these are given in Table 1 . Details of the full range of materials generated may be found in the Supplementary Information (ESI), Table S1 . † The resultant composites were characterized by powder X-ray diffraction, infrared spectroscopy, and elemental analysis. are incorporated into many interlayer spaces, and as a result there is no wholesale expansion of the interlayer spacing, or possibly there are significant amounts of Gd 3+ complexes adsorbed to the outside of the layers rather than being intercalated. 20, 28 Similar finding have been seen in the work of Xu et al., which reported some [Gd(DTPA)(H 2 O)] 2-to be located on the surface of an Mg/Al LDH post-intercalation. 20 It is clear that a longer reaction time (e.g. D1, 7 days cf. D9, 1 day) does not improve the crystallinity of the solid or result in more intense intercalate reflections. respectively. This indicates NO 3 -is coordinating to metal ions within the layers. 29, 30 The absorption peaks below 1000 cm -1 are assigned to M-O vibrations and M-O-H bending. 31 The spectrum of Gd(DTPAH 2 )(H 2 O) shows characteristic absorption peaks at 1574 cm -1 and 1405 cm -1 due to the asymmetric and symmetric COOH stretching vibrations. 20 The characteristic peaks at 1052 cm 
Infrared spectroscopy

Elemental analysis
Elemental analysis data for selected Ni 2 Zn 3 -Gd(DTPA) and Ni 2 Zn 3 -Gd(DTPMPH 5 ) materials are listed in Table 2 . (ca. 18 % after 1 h), and thereafter a relatively slower release culminating at ca. 30% after 24 h. This burst effect can be explained by the adsorption of some anions on the external structure of the HDS; such ions are rapidly freed into solution. 33 The subsequent slow release step may be largely due to strong electrostatic interactions existing between the HDS layer and the intercalated [Gd(DTPA)(H 2 O)] 2- anions, which are slowly replaced in an ionexchange process between the anions in the interlayer and phosphate anions in the buffer. 33, 34 [Gd(DTPA)(H 2 O)] 2-, containing five COO -groups in each ion (and possessing an overall 2-charge), has very strong electrostatic interactions with the HDS layers. 34 It is thus clear that even after extended release times, most of the Gd complexes remain associated with the HDS, and only a minority leaks into solution. Only 4 -8 % of the Ni and 0.15 -0.18 % of the Zn contents of the HDSs were released after 24 h (Fig. S4͕ ^/ΏͿ͕ ƐƵŐŐĞƐƟŶŐƚŚĞů ĂǇ ĞƌĞĚ structure of the HDS remains largely intact under these conditions. Given the infrequency with which MRI diagnostics are generally used on a given patient and the low levels of composite which would be applied, these systems thus do not pose a significant risk of toxicity in terms of excessive Ni or Zn being released into the body (this can cause conditions such as respiratory and cardiovascular systems).
35,36
Proton relaxivities
The longitudinal (r 1 ) and transverse (r 2 ) relaxivities for all the samples are presented in Fig. 6 and 7. Relaxivities were determined from the values of longitudinal (1/ T 1 ) and transverse (1/T 2 ) relaxation rates versus the Gd concentration in the HDS suspensions used for measurement. In comparison with the relaxation times of the unloaded all-Zn HDS [Zn 5 20 This may cause shortening of the electron-nuclear spin distance, and hence greater communication between the Gd centre and bound water, in turn leading to higher relaxivity. 20 The water exchange rate of the Gd 3+ complexes is also expected to contribute to relaxivity. 16 The number of water molecules per Gd 3+ complex in the interlayer is expected to be higher with lower Gd 3+ complex loadings, leading to more effective exchange and increased relaxivity. 16, 20 With higher Gd loadings, such as in samples D4, D8, D12, P1 and P4 (see Table S1 ), the observed relaxivity values decrease. This might be because for these intercalates the number of water molecules per Gd 3+ ion located in the HDS interlayers decreases on increasing the Gd 3+ loading. Also, the exchange rate of the inner-sphere water molecules with those in the interlayers might become very slow, hence decreasing the relaxation effects. This has similarly been found in Gdloaded zeolite 16 and liposome systems. 39 In addition carbonate anions, the presence of which was confirmed from XRD and IR data, have a high affinity for Gd 3+ , leading to possible binding of carbonate to Gd 3+ centres and the displacement of Gdbound water. 40 This effect might increase as more Gd complexes are encapsulated into the HDS.
Experimental Materials
Gadolinium oxide, lanthanum oxide, nickel nitrate, zinc nitrate, and zinc oxide were purchased from Sigma-Aldrich UK. Diethylenetriaminepentaacetic acid was supplied by Alfa Aesar UK. Sodium hydroxide tablets were purchased from Fisher Scientific UK. All other chemicals were of analytical grade and used without further purification. All water used was deionised prior to use. (Table S1 , ESI †) and a two-fold molar excess (with respect to [Gd(DTPA)(H 2 O)] 2-) of NaOH. The suspension was stirred at 60°C in an oil bath for a pre-determined period of time (7, 3, or 1 d). The resultant suspension was centrifuged at 2000 rpm for 6 min. The supernatant was discarded, and the solid washed with water, re-suspended, and centrifuged again. This process was repeated three times. Finally, the solid product was dried in an oven at 30°C for 24 h. 
Synthesis
Elemental microanalysis
C, H, and N contents were determined using the combustion method on a Flash 2000 Elemental Analyser (Thermo Scientific, Waltham, Massachusetts, USA).
Microwave plasma-atomic emission spectroscopy
Ni, Zn, and Gd contents were evaluated by microwave plasmaatomic emission spectroscopy (4100 instrument, Agilent Technologies, Santa Clara, California, USA). 10 mg of the sample was placed in a 50 cm 
Dynamic light scattering
Measurements were recorded using dynamic light scattering on a Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, UK).
In vitro release test
Approximately 50 mg of D1, D5, or D9 was dispersed in 100 cm 
Proton NMR relaxivity measurements
The longitudinal (T 1 ) and transverse (T 2 ) relaxation times of water protons were determined using a Minispec mq20 relaxometer (20 MHz, 0.47 T, Bruker, Billerica, Massachusetts, USA) at 37°C, using inversion recovery and CPMG pulse sequences, respectively. 5 mg of the sample was placed in a 10 mm-diameter NMR tube and held using 1 cm 3 1% agarose.
Conclusions
The [Ni 2 Zn 3 (OH) 8 ](NO 3 ) 2 ·2H 2 O hydroxy double salt (HDS) was successfully loaded with Gd 3+ complexes through ion-exchange intercalation, producing nanocomposites which can be used in MRI. The composites were characterized by X-ray diffraction, IR spectroscopy, microwave plasma-atomic emission spectroscopy (MP-AES) and relaxivity measurements. The partial intercalation of Gd 3+ complexes into the HDS was evidenced by IR spectra showing characteristic peaks from the complexes, and in some cases X-ray diffraction patterns exhibiting expanded HDS interlayer spacings of ca. 14. complexes. This is not always the case, however, and the highest complex loadings led to the lowest relaxivities (both r 1 and r 2 ). The Gd 
